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RTCC REQUIREMENTS FOR MISSION G:  TRAJECTORY COMPUTERS 

FOR TLI AND MCC PROCESSORS 

By Brody 0. McCaffety, Bernard F. Morrey, and W i l l i a m  E. Moore 
B 

SUMMARY AND INTRODUCTION 

This note i s  t h e  last of a s e r i e s  documenting the  Generalized I t e r a t o r  
as used i n  t h e  RTCC t ranslunar  in j ec t ion  and midcourse correct ion processors 
fo r  Mission G. The mathematical formulation of the  i t e r a t o r  i t se l f  i s  com- 
p l e t e l y  general and i s  documented i n  reference 1; t h e  program setups giving 
t h e  various mission options provided by t h e  processors have been documented 
i n  references 2 and 3. This note gives t h e  t r a j e c t o r y  computers of t h e  
t ranslunar  in j ec t ion  and midcourse correct ion processors. 

The term "Generalized I t e r a t o r"  as used here r e f e r s  t o  t h e  whole 
program - supervisor,  t r a j e c t o r y  computer, and i t e r a t o r .  
a general formulation t h a t  appl ies  t o  any problem involving t h e  so lu t ion  
of a minimum or  m a x i m u m  value of a given function. 
other  RTCC appl icat ions i n  addi t ion t o  its use i n  t h e  TLI and MCC proces- 
sors. 
a way as t o  solve a desired problem. 
t h e  sequence of events or computations needed t o  generate the  desired 
t r a j ec to ry .  
t h e  t r a j e c t o r y  computer, t h e  subroutines used i n  constructing a t r a j e c t o r y ,  
t h e i r  funct ion,  and t h e i r  algorithms. 

The i t e r a t o r  i s  

The technique has 

The supervisor sets t h e  dependent and independent var iab les  i n  such 
The t r a j e c t o r y  computer indica tes  

This note gives t h e  funct ional  and de ta i l ed  information about 

There a re  bas i ca l ly  f ive  types of t r a j e c t o r i e s  generated by t h e  TLI  
and MCC processors: 

1. E l l i p t i c a l  t r a j e c t o r i e s  generated out of ear th  o rb i t  ( i . e . ,  E-type 
e l l i p s e s  and hybrid e l l i p s e s  1. 

2 .  X, y ,  z ,  and t return-to-nominal t r a j e c t o r i e s  generated during 
t rans lunar  coast.  

3. Free- return t r a j e c t o r i e s  generated from EPO o r  t ranslunar  
coast . 

4. 
lunar  coast.  

5. 

Free- return, BAP reoptimized t r a j e c t o r i e s  generated during t rans-  

Nonfree-return, BAP reoptimized t r a j e c t o r i e s  generated during 
t rans lunar  coast.  

Flow chart  1 shows these  p o s s i b i l i t i e s .  

J 



P 

2 

The ca lcula t ion  of each type involves the  use of ana ly t i ca l  and 
in tegra ted  computations. Conic, or ana ly t i ca l ,  t r a j e c t o r i e s  are used 
i n  first guess rout ines  t o  generate i n i t i a l  conditions and i n  optimizations 
t o  shorten computation t i m e .  
provide precis ion t a r g e t  conditions.  
t a t i o n  modes are used together  i s  contained i n  references 2 and 3. 

Integrated ca lcula t ions  a r e  necessary t o  
An explanation of how these  compu- 

The Trajectory Computers 

Separate t r a j e c t o r y  computers a r e  used i n  providing first guesses 
f o r  the  midcourse cor rec t ion ,  f o r  the  conic, and f o r  the prec is ion  t r a j ec-  
to ry  computations . 

The MCC f i r s t  guess t r a j e c t o r y  computer e s s e n t i a l l y  solves Lambert’s 
problem. Subroutine TLMC computes the  first guess t r a j e c t o r y  f o r  the  
MCC. The flow diagram i s  shown i n  flow chart  2.  

A functional flow diagram of the  ana ly t ic  t r a j ec to ry  computer fo r  
conic mission calculat ions i s  set fo r th  i n  flow char t  3. This merely 
shows the general flow indica t ing  the  sequence of s t a t e  vector ca lcu la t ions ,  
t h e  entry of the  appropriate independent var iab les ,  the  ca lcu la t ion  of t h e  
dependent var iables  , and t h e  sequence of the  mass h i s to ry  ca lcu la t ions .  

The precis ion propagation of an a rc  is done using the  Herrick-Beta 
technique documented i n  the  appendix of reference 4. 
t h e  functional flow of the precis ion t r a j ec to ry  computer. 

Flow chart  4 shows 

Variables,  Stopping Conditions 

Independent and dependent var iables  f o r  the d i f f e ren t  t r a j ec to ry  
computers a r e  shown i n  t ab le s  I and 11. 

Although the stopping conditions f o r  t h e  computers are indicated 
impl i c i t ly  i n  the  flow diagrams, it i s  worth mentioning them at t h i s  t i m e .  
Integrated t r a j e c t o r i e s  returning t o  the  nominal x, y ,  and z of the  LO1 
node s top  at  t h e  time of the  node; the  nonfree-return BAP options a l so  
in t eg ra t e  the  same a rc  and s top  on the  time of the  node obtained from the 
conic optimization. However, t h e  precis ion t ransear th  t r a j e c t o r y  used i n  
the lunar  flyby s tops on a fl ight- path angle of reentry.  F ina l ly ,  during 
the i t e r a t i o n  process,  before t h e  height of LO1 i s  completely co r rec t ,  
the pos i t ion  and ve loc i ty  vectors at the  start  of LPO are scaled t o  c i r cu la r  
conditions. These vectors are used t o  compute the  rest of the  t r a j e c t o r y ,  
thus re ta in ing  t h e  i n t e g r i t y  of those independent var iables  based on the  
desired height of t h e  o r b i t ;  e .g . ,  ATlo, ATlls 

-a 
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Lunar orb i t s .-  The i n i t i a l  lunar o r b i t  may be e i t h e r  an e l l i p s e  or  a 
c i r c l e .  Since, after a c e r t a i n  number of revolut ions,  t h e  spacecraf t  w i l l  
be maneuvered i n t o  a c i r c u l a r  o r b i t  anyway, t h e  program w i l l  simulate the  
e l l i p s e  by a c i r c u l a r  a rc .  
ca lcu la t ion  which p e r t a i n t o  the simulation of lunar  o r b i t  i n se r t ion  and 
of t h e  e l l i p t i c  o r b i t  i t se l f .  
whether t h e  o r b i t  i s  in tegra ted  or  not .  

There are s l i g h t  differences i n  t h e  methods of 

These differences do not relate t o  

The t r a j ec to ry  computer furnishes the  input ve loc i ty  magnitude at  
the pericynthion of t h e  e l l i p s e  t o  subroutine BURN; f o r  t h e  c i r cu la r  
o r b i t  BURN computes a c i r c u l a r  ve loc i ty  at  the  current distance. 
Since i n  e i t h e r  case BURN reduces t h e  f l ight- path angle t o  zero, t he  
e l l i p s e  always has i t s  pericynthion a t  lunar o r b i t  i n se r t ion .  

Since the  s t a t e  i s  always r e l a t e d  t o  a c i r c u l a r  o rb i t  a f t e r  lunar 
o rb i t  i n se r t ion ,  t he  only other  difference i s  an adjustment of t h e  time t o  
account f o r  the  discrepancy i n  o r b i t a l  period between the  e l l i p s e  and the  
c i r c l e  used t o  represent  it. This t i m e  is  the  accumulated time difference 
during the  required revolutions before the  spacecrdrt  i s  maneuvered i n t o  
a c i r c u l a r  o r b i t  a t  the  time the LM separa tes ,  it w i l l  be provided as an 
input  t o  t h e  program. 

ABBREXIAT I ONS 

B@ 

EO1 

EMP 

EPO 

LLM 

LO1 

LOPC 

LPO 

MCC 

RTCC 

TEI  

TLI 

bes t  adaptive path 

earth o r b i t  i n se r t ion  

earth-moon plane 

ear th  parking o r b i t  

lunar  landing mission 

lunar o r b i t  i n se r t ion  

lunar o r b i t  plane change p r i o r  t o  lunar  module ascent 

lunar parking o r b i t  

midcourse correct ion 

Real-?lime Computer Complex 

t ransear th  in j ec t ion  

t ranslunar  in j ec t ion  
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SUBROUTINES 

The subroutines and computation modules used in the trajectory 
computers are listed in table 111. The subroutines involved include 

1. BURN - simulates impulsive thrusting for application of a 
delta velocity magnitude, delta azimuth, and delta flight-path angle 
in the topocentric reference frame. 

2.  CTBODY - used for propagation of a conic state for a specified 
time interval. 

3. DGAMMA - determines the universal conic variable from periapsis 
to the nearest specified flight-path angle. 

4. EBETA - determines the interval in the universal conic variable 
from a given state to periapsis. 

5. 
vector, time, and central body constant. 

ELEMT - calculates a set of orbital elements from a given state 

6 .  EPHM - obtains earth and moon states relative to each other, 
solar position, and a precession-nutation-libration direction cosine 
matrix from the magnetic tape ephemeris. 

7 .  FCOMP - evaluates the universal conic functions f o r  a specified 
value of the universal conic variable. 

8. LIBRAT - performs librations upon an input state vector and does 
a reference trans formation. 

9. LOPC - computes the size and effect of the lunar orbit plane 
change (CSM2). 

10. PATCH - accomplishes patching of the geocentric and selenocentric 
vehicle states at the sphere of action of the moon. 

12. RBETA - determines the value of the universal conic variable to 
propagate from a given state to a specified radial magnitude. 

12. FQTTSIM - determines the landing conditions. 
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13. RTASC - determines r i g h t  ascension of t h e  Greenwich meridian. 

14. R V I O  - transforms a given set of coordinates i n  Cartesian or  
spher ica l  form t o  t h e  other form. 

I5.N TLIBRN - simulates t h e  t ranslunar  in j ec t ion  thrus t ing  maneuver 
by evaluating precomputed polynomials. 

/b,s. 
veloc i ty ,  and d e l t a  f l ight- path angle are determined f o r  t ranslunar  abort  
or midcourse maneuvers. 

TLMC - i n  control  when f i r s t  guesses f o r  d e l t a  azimuth, d e l t a  

17, %. XBETA - propagates a given s t a t e  through a spec i f ied  universal  
conic B t o  a desired s t a t e .  The B i s  the  stopping condition f o r  XBETA. 

The remaining t ex t  of t h i s  in t e rna l  note w i l l  be devoted t o  a de ta i l ed  
descr ipt ion of the  input ,  output,  and t h e  mathematics needed fo r  each of 
t h e  subroutines l i s t e d  above. A l l  lunar o r b i t  computations w i l l  be computed 
using t h e  lunar radius a t  t h e  landing s i t e  and not the  mean radius of 
t h e  moon. 

Subroutine BURN 

Function.- Subroutine BURN simulates impulsive thrus t ing  of the  
vehicle .  
consumption. 

The i d e a l  ve loc i ty  equation i s  used t o  determine propel lant  
This subroutine i s  used f o r  t h e  MCC, LOI ,  LOPC and T E I  burns. 

Nomenclature.- 

Input (I ) 5 

output ( 0 )  S ymb ol s 

v 
C 

Av R 

Av 

v 
PC 

0 

0 

I 

Defini t ion 

c i r cu la r  ve loc i ty  

cha rac te r i s t i c  d e l t a  ve loc i ty  

change i n  sca la r  ve loc i ty  during burn 

ve loc i ty  a t  pericynthion of t h e  desired 
e l l i p s e  ( i f  e l l i p s e  i s  required)  

I change i n  fl ight- path angle during 
burn 
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Symbols 

I 
SP 

Input ( I  ) , 
output ( 0  1 

Definition 

i n  azimuth during burn 
,* ,,.e ,' /* 

I 

I spec i f i c  impulse " I  

0 r a t i o  of mass after burn t o  mass before "dm0 
I constant used t o  convert pounds force 

t o  pounds mass 

1-I 

Method. - 

I 

I 

g rav i t a t iona l  constant of current  
reference body 

i n i t i a l  pos i t ion  vector 

i n i t i a l  ve loc i ty  vector 

i n i t i a l  f l ight- path angle 

intermediate veloci ty  vectors 

0 f i n a l  pos i t ion  vector 

0 f i n a l  ve loc i ty  vector 

The vector Rf is  the same as R ;  that  i s ,  t h e  rout ine  assures 

t h a t  t h e  pos i t ion  does not change during t h e  maneuver. Compute 

v =  

If a c i r c u l a r  state after t h e  burn i s  specif ied,  put 

C 

AV = vc - v 

Ay = - 
yo ' 
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If an e l l i p t i c a l  state i s  specif ied,  put 

A V = V  - V  
PC 

AY = - yo 

I n  t he  other  more general  option v ,  A?;, and A$ are a l l  inputs.  Compute 

d = R  4 
h = IR x il 

v2R - d6 sin Ay il = i cos Ay + 
h 

ii f = R p ( l + ? ) ,  

which i s  t he  ve loc i ty  vector pa r t  of t he  state Sf a f t e r  t he  burn. 

2 

2 s i n  2 9 + h cos Ay - hd s i n  Ay 

r v  2 2  
(nvR12 = AT 2 + 4v (v + AT> 

which furnishes t he  cha rac t e r i s t i c  veloci ty .  

Final ly ,  t he  m a s s  r a t i o  i s  

- -  m m 0 f - e x p ( F )  ’ 
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Subroutine CTBODY 

Function.- Subroutine CTBODY determines t h e  propagated state at  a 
spec i f ied  t i m e ,  A t ,  from a given epoch state.  This i s  t h e  c l a s s i c a l  problem 
of  Kepler and must be solved i t e r a t i v e l y  due t o  the transcendental 
re la t ionship  between time and the  anomalies. 

Nomenclature.- 

Input ( I ) .) 
Symbols output ( 0  1 Definition 

K I c e n t r a l  body indica tor  

I pos i t ion  vector magnitude r 
0 

I veloc i ty  vector magnitude V 
0 

gravi ty constant I 

square of universal  var iab le  
divided by semimajor ax is  

a 0 

0 functions of t h e  universal  var iab le  

s emima j or  axis 

i n i t i a l  pos i t ion  vector  

a 

I 
0 
R 

0 
i 

*f 

{f 

r m 

i n i t i a l  ve loc i ty  vector 

i n i t i a l  t i m e  

f i n a l  pos i t ion  vector 

I 

I 

0 w 

0 f i n a l  ve loc i ty  vector 

radius  of moon 

3/2 J2, second harmonic of moon's gravi ty  

f i n a l  t i m e  

J 

tf I 
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Method.- Determine the  i n t e r v a l  of propagation 

If 1 A t  I < 

operation i s  complete; i f  not 

, t he  f i n a l  state i s  j u s t  the  i n i t i a l  state,  and the  

A f i r s t  guess of t h e  universal  var iab le  f o r  the Newton-Raphson i t e r a t i o n  
i s  made as 

B 2  a = - - .  
a 

Subroutine FCOMP i s  entered t o  obtain F 1, F22 F3¶ and F4, and the  time 

DO 

6 
r = - BF + B2F2 + roF4 

3 

Increment 

K B = B + ( n t - t ) ~ ; -  * 

The t i m e  equation i s  again evaluated with t h e  new value of B ,  and t h e  
Newton-Raphson i t e r a t i o n ,  equation ( 2 )  , continues u n t i l  t he  covergence 

tolerance of I x 10-12 i s  m e t :  
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E x i t  with an e r ro r  message i f  no convergence is  obtained a f t e r ,  say, 10 
i t e r a t i o n s .  

As t he  i t e r a t i o n s  proceed, 13 w i l l  move i n  the  same d i rec t ion  u n t i l  

If two successive i t e r a t i o n s  should have d i f f e ren t  signs 

it i s  very c lose  t o  the  answer. 
i n  equation ( 3 )  being too t i g h t ,  t he  s igns of successive v@lues of A t  - t 
a r e  compared. 
before equation (3) i s  s a t i s f i e d ,  B i s  replaced by the  average of the two 
values associated w i t h  these i t e r a t i o n s ,  and the  process is  repeated u n t i l  
t h e  r e l a t i v e  difference between two values being averaged i s  less than 

To protect  against  the  tolerance of 

10-12. 

With the  universal  var iab le  determined, the  s t a t e  a t  the  f i n a l  time 
is b u i l t .  

Rf = fRo  + gfi0 

Check t o  see i f  the ascending node i s  t o  be precessed or not.  

not ,  R ,  are output. Otherwise (using t i m e  t ) r o t a t e  R ,  t o  seleno- 

graphic coordinates Go, do. Let the  components of Go and do be x, y,  z 

and x, y ,  z, respectively.  

If 

f 

a * .  
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Compute 

-. 

a . 
n = zx - zx 1 

n = zy - zy 2 

n=d- . 
If n < return without precessing the node. Otherwise compute - 

I cos n = - 
n 
n 

2 sin Q = - 
n 

n 

Let the components of H be hl, h2, h3. Then 

h3 cos i = 

and 

sin i =dh: + hg . 

Compute 

AR = - Jrm 2& cos i ($3 ($)* At 

= - 1.14161 x cos i (i7 ($ At 



R cos A62 - s i n  62 s i n  A62 

62 cos AR + cos 51 s i n  A62 

M =  

0 

1 
- 
-cos i ( s i n  R cos As2 + cos 62 s i n  A n >  

cos i (cos 52 cos A62 - s i n  R s i n  A621 

J s i n  i 

. .  . .  

. 
Using the same t i m e  tf, rotate G, G back i n t o  selenocentr ic  coordinates 

c 

R , Rp. 
P 
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Subroutine DGAMMA 

Function.- Subroutine function DGAMMA determines t h e  value of t h e  
universal  var iable  necessary t o  obtain a state a t  a desired fl ight- path 
angle, given t h e  i n i t i a l  pos i t ion  magnitude and the rec iproca l  of the 
semimajor ax is .  

Nomenclature. - 

Symbol 

r 
0 

Input (1) , 
output ( 0  ) Defini t ion 

I magnitude of posi t ion vector a t  
per i aps i s 

l / a  I rec iproca l  of semimajor ax is  

Y 1 fl ight- path angle 

H 0 hyperbolic eccentr ic  anomaly 

E 0 e l l i p t i c  eccentr ic  anomaly 

B 0 uni ver s a1  var i able  

e 0 eccen t r i c i ty  

Method.- Since t h e  given state i s  a t  per iaps is ,  

1 I f ;  < 0, t h e  o r b i t  i s  hyperbolic: 
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1 If ;  > 0, the  o r b i t  i s  e l l i p t i c :  

c t a n  y 
e 

s i n  E = 

,IT IT E = tan' when - - < E < - 
2 2 

1 If a = 0, the  orbit i s  parabol ic:  

B = ( s i n  ylcosy) J2ro. 

Remarks.- On an e l l i p s e ,  t h e  eccent r ic  anomaly i s  double-valued with 
respect  t o  the  f l ight- path angle. 
t h e  algorithm always gives t h e  so lu t ion  nearer per iaps is .  

A s  i s  apparent from the  equation fo r  E ,  

This formulation does not provide for  optimizing t h e  same t r a j ec to ry  
a r c  from a hyperbolic energy through parabolic t o  an e l l i p t i c a l  energy. 

For t h e  e l l i p t i c  case,  y may be such t h a t  Is in  El > 1. I n  t h i s  
instance,  y cannot be achieved, and the re  i s  an e r ro r .  

i 



Subroutine EBETA 

Function.- Determines the universal variable necessary to obtain the 
state at periapsis. 

Nomenclat we. - 

Symbol 

l/a 

0 
R 

0 
ri 

r 
0 

v 
0 

B 

e 

Input ( 11 , 
output ( 0  1 
0 

I 

I 

0 

I 

Definition 

reciprocal of the semimajor axis 

initial position vector 

initial velocity vector 

magnitude of initial position vector 

magnitude of initial velociky vector 

uni ver s a1 variables 

gravitational constant 

elliptical eccentric anomaly 

hyperbolic eccentric anomaly 

eccentricity 

Method.- The universal variable and the state at periapsis are 
determined by 

D = R  * i  
0 0 0 

If a > 0, orbit is elliptic: 
r 
a 

0 e cos E = 1 - - 

e sin E = D /G 
0 
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E = tan-’(, s i n  E / e  COS E )  

If l / a  = 0, t h e  o r b i t  i s  parabolic:  

0 
D 

$ = - -  

hi- 

If a < 0, t h e  o r b i t  i s  hyperbolic: 

e cosh H = 1 - ro/a 

e s inh  H = D / 
0 

I e cosh H + e s inh H H = ln [ , (  
e cosh H ) 2  - ( e  sinh H ) z 1 1 / 2  

$ = - H f i .  

T h i s  formulation does not provide f o r  optimizing the  same t r a j ec to ry  
a rc  from a hyperbolic energy through parabolic t o  an e l l i p t i c  energy. 

Subroutine EPHM 

Function.- Ephermis subroutines l o c a t e ,  transmit i n t o  core,  and 
in t e rpo la t e  da ta  from an ephemeris tape.  
s t a t e s  r e l a t i v e  t o  each o ther ,  s o l a r  pos i t ion ,  and a precession-nutation- 
l i b r a t i o n  d i rec t ion  cosine matrix are obtained. 

From t h i s  da ta ,  earth and moon 

Remarks.- The ephemeris subroutines used i n  the  RTCC w i l l  be system 
subroutines. 

Subroutine ELEMT 

Function.- Calculates a set of o r b i t a l  elements from a given state 
vector ,  time, and c e n t r a l  body constant. 

Nomenclature. - 

Symbol 

R 

Input (I), 
output ( 0  ) Definition 

I pos i t ion  vecotr 

i I ve loc i ty  vector 

i 
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Symbol 

H 

1-I 

a 

e 

i 

n 

P 

Input ( I 1 , 
output ( 0 1 Definition 

0 

I gravi ty  constant 

0 

0 eccen t r i c i ty  

0 inc l ina t ion  of conic 

angular momentum vector per  un i t  mass 

s emima j or axis  

0 mean motion 

I period 

0 t r u e  anomaly n 

Method.- Given R ,  6 ,  t ,  p t h e  following items are calculated:  

H = R x R  
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A l l  equations but the ones f o r  rl and P apply for  a l l  conics;  t h e  
equation f o r  rl does not apply t o  c i r c u l a r  o r b i t s  and t h e  equation f o r  P 
does not apply t o  parabolas and hyperbolas. 

Subroutine FCOMP 

Function.- Subroutine FCOMP determines t h e  functions of t h e  universal  
var iab le  necessary t o  express two-body s t a t e  quan t i t i e s  given an epoch 
s t a t e .  The functions a re  w e l l  defined by c i r c u l a r  and hyperbolic functions 
except as the  universal  var iab le  approaches zero. To avoid numerical 
d i f f i c u l t y ,  a series expansion m u s t  be used. To avoid d i scon t inu i t i e s ,  
t he  same expansion i s  always used. FCOMP i s  used by XBETA and CTBODY 
t o  evaluate the  functions of the  universal  constant.  

Nomenclature. - 

Symbol Input (1 1 , 
output ( 0  1 

0 Fi 

01 I 

Defini t ion 

functions of t h e  universal  var iab le  

parameter needed t o  obtain F 

Method. - 
i 

! j = 1 , 2 .  
F =E 01 

i=o  7 2 i  + 4 - j) j 

T h i s  formulation for  .the series i s  used t o  compute F and F2. F 
1 3 and F,+ 



are computed by the formulas: 

F3 = aF1 + 1 

Determine n ( the  number of terms t o  be used i n  the  s e r i e s )  as follows: 

If la1 < 

r7 
2-5 

2-3 

2-2 

2-I 

1 

2 

4 

8 

16 

32 

64 

n equals 

10 

11 

13 

1-5 

18 

21 

25 

30 128 

256 

512 

38 

46 
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Subroutine LIBRAT 

Function.- Subroutine LIBRAT obtains an appropriate transformation 
matrix and transforms an input  s tate  vector i n  moon reference. 

Nomenclature. - 

Symbol 

R 

t 

K 

Input ( I ) ,  
output ( 0  ) Defini t ion 

I and 0 pos i t ion  vector 

I and 0 ve loc i ty  vector 

I 

I 

t i m e  of s t a t e  vector  

indica tor  

ME moon with respect t o  ea r th  

Method.- Six  options e x i s t  f o r  converting state vectors t o  d i f f e ren t  
coordinate systems : 

K = 1-Earth-moon plane t o  selenographic 

K = 2-Selenographic t o  earth-moon plane 

K = 3-Earth-moon plane t o  selenocentr ic  

K = 4-Selenocentric t o  earth-moon plane 

K = 5-Selenocentric t o  selenographic 

K = 6-Selenographic t o  selenocentr ic  

When the  earth-moon plane i s  involved, a matrix i s  used t o  convert e i t h e r  
t o  or from t h i s  coordinate system. 
follows : 

The formation of t h i s  matrix i s  as 
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Given the  pos i t ion  and ve loc i ty  V of t h e  moon w i t h  respect  t o  t h e  ME 

earth a t  each given t i m e ,  

-t %E %E , k =  

l%E %El 

- + + +  -+ 
Set  A = (i, j ,  k )  noting t h a t  i ,  1, k' are taken as colwnn vectors.  

A 
the equator ia l  system a r e  R ,  €3, EMP coordinates a re  defined by 

L e t  

denote the  transpose of A..  Then i f  the  selenocentr ic  coordinates i n  T 

T T e  R' = A R and 6' = A R 

and 

R = AR'  and 6 = AG'. 

When converting from the  selenocentr ic  coordinate system t o  t h e  
selenographic (moon-fixed) coordinate system, t h e  l i b r a t i o n  matrix i s  
used. 

Given the  precession-nutation-librationematrix, B, a t  each given 
time, and the selenocentzic coordinates,  R ,  R ,  transform to t he  seleno- 
graphic coordinates R", R" by t h e  following: 

R'I = BR and i!' - - B 6  
and 

Ii = B T R" and 6 = B T. R". 

A combination of the  two preceding techniques can be used t o  
transform vectors from moon o rb i t  plane t o  selenographic and the  
reverse.  
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Function.- 
change maneuver 

Subroutine LOPC 

Determines t h e  s i z e  and e f f e c t  of the  lunar o r b i t  plane 
( CSM2 . 

Nomenclature. - 

Symbol 

m 

n 

P 

0 
t 

Input (11, 
output ( 0  ) Defini t ion 

I 

I number of revolutions from first  
pass over lunar landing s i t e  (LLS) 
t o  (CSM2 + 1/41 

number of revolutions from (CSM2 + 
1/4) t o  second pass over LLS. 

I 

I 

I 

0 

period of o rb i t  adjusted by the  
r o t a t i o n a l  rate of t h e  moon 

s t a t e  vector a t  lunar landing 

t i m e  at  lunar  landing 

t i m e  from first pass over LLS t o  
CSM2 

state before CSM2 

t i m e  from first  pass over LLS t o  
second pass over LLS 

predicted s t a t e  a t  second pass over 
LLS 

t i m e  of second pass over LLS if no 
CSM2 

state arter CSM:! 
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Definit ion 

m 
0 

R2 

L 

0 m a s s  r a t i o  of CSM2 maneuver 

I 

pos i t ion  vector at second pass over 
LLS i n  selenographic coordinates 

ve loc i ty  vector a t  second pass 
over LLS i n  selenographic coordinates 

selenographic components of un i t  
vector pointing t o  t he  LLS 

Method.- Compute 

A t l  = (m - i)P. 

Use CTBODY (regressed) t o  propagate So from to t o  (to + A t  1 ) obtaining S1. 
Then compute 

= t + A t 2  = t + ( m  + n)P. tL  0 0 

2' 
U s e  CTBODY {regressed) t o  propagate So from t t o  tL obtaining S 

t o  selenographic coordinates R 
0 

Call LIBRAT a t  t i m e  tL t o  transform S 2 

m 
C a l l  BURN t o  get  S3 and - , using SI, A$ and I 

m SP 
0 
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Subroutine PATCH 

-ction.- This subroutine finds a point  a t  which t h e  spacecraf t  i s  at 
a given r a t i o  between t h e  ea r th  and t h e  moon and changes reference bodies 
at  that  point .  

Nomenclature. - 

Input (11, 
Symb 01s output ( 0  1 

R I and 0 

i I and 0 

t I and 0 

r 

i 

Q 

ERROR 

lJ 

a 

B 

KREF 

R21 

21 r 

I 

0 

I 

I 

I 

I 

Defini t ion 

pos i t ion  vector 

ve loc i ty  vector 

t i m e  of vector 

magnitude of pos i t ion  vector 

reference body subscr ip t  : 

i = 1, primary body 

i = 2 ,  secondary body 

d i rec t ion  of patch i n  time 

e r r o r  re turn  

g rav i t a t iona l  constant 

accelerat ion w i t h  respect  t o  
body i 

universal  var iab le  

primary reference indica tor  

pos i t ion  of the secondary body 
with respect  t o  t h e  primary body 

magnitude of R21 

Method.- I n  t h e  following, i f  KREF = 1 ( e a r t h  reference input )  , 
w e  r e f e r  t o  the ea r th  as the  "primary body" and t o  the  moon as the  

If KREF = 2 (moon reference i n p u t ) ,  t he  moon i s  secondary body". 
primary" and the  earth i s  "secondary". 

11 

? ?  
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0.275 

Subscripts 1 and 2 ind ica te  primary and secondary bodies respect ively.  
Define 

r 

r dis tance of spacecraf t  from primary body 
2 

1 

Then f o r  a given two-body o r b i t ,  Ratio is  a function of the  o r b i t a l  
parameters, the universal  var iab le  $, and moon-earth ephemeris data. 
The procedure i s  t o  ca lcu la te  a second order Taylor’s expansion giving 

Ratio i n  terms of t h e  first and second p a r t i a l  der iva t ives ,  

dis tance of spacecraf t  from secondary body Ratio = - = 

d Ratio and d2 Ratio 
¶ 

de2 df3 

an i n i t i a l  value of B y  a corresponding i n i t i a l  value of Rat io,  and an 
increment A$ t o  6. Se t t ing  Ratio ( $  + AB) equal t o  t h e  desired value 
of Ratio we solve t h e  quadratic f o r  A $ .  If t h e  discriminant i s  less 

than zero we set d2 Ratio/df32 = 0 and solve t h e  l inea r  equation instead.  
S ta r t ing  w i t h  a guessed value of 6, we propagate the  i n i t i a l  s tate  
(by XBETA) t o  a f i n a l  s t a t e  at  the patch with respect  t o  t h e  primary 
reference body. The pos i t ion  of the  secondary body w i t h  respect  t o  t h e  
primary is obtained from EPHM. 
d2 a r e  calculated. 

A reference change 

ARatio = R - Ratio 

i s  made, and r and 2 

(4) 

( 5 )  d Ratio 
df3 

1 

%T 7 r22d1) 1 
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where di = Ri fii i = 1,2. 

d2 r v~~ 4. R2 A2 
- d2 Ratio = 1. 

2 r 

p1 R1 ( %  + P 2 )  where v = i ii, i = 1, 2,and A - - - + 
R21' 3 

2 1  r 3 
1 r i i 2- 

Replace f3 by B + Af3 and repeat the process u n t i l  ARatio < 1 x 10-l2. 
The last state 
s t a t e  and time. 

and time w i t h  respect  t o  t h e  secondary body i s  the*output 

The i n i t i a l  f i r s t  guesses f o r  t h e  ea r th  and moon as primary bodies a r e  
t h e  value of 13 needed t o  propagate t o  40 and 10 e . r . ,  respect ively.  

Upon fur ther  reference t o  t h e  rout ine  using a given primary body, 
the  las t  value of distance i n  that pa r t i cu la r  primary body i s  used t o  
derive a first guess for f3. 
one f o r  each primary body, where t h e  maximum distance w i l l  be 60 e . r .  i f  
the ea r th  is t h e  primary body and t h e  maximum distance w i l l  be 15 e . r .  
when t h e  moon i s  the  primary body. 

T h i s  implies t h a t  two distances are saved, 

Remarks.- Error returns or indica tors  - t h e  last var iab le  i n  t h e  
c a l l i n g  sequence i s  an e r r o r  indica tor  which i s  a logical var iab le  and 
w i l l  r e tu rn  a value of .TRUE. when an e r r o r  has occurred i n  t h e  rout ine.  
There are four w a y s  that  t h e  e r r o r  indica tor  can be  set up t o  .TRUE.: 

1. 
i t e r a t i o n s .  

If t h e  patch i t e r a t i v e  procedure fails t o  converge within 10 

i 



2.  If t h e  ephemeris da ta  t a b l e  has not been i n i t i a l i z e d  or  t h e  t i m e  
ca lcu la ted  wi th in  t h e  rout ine  i s  outs ide t h e  range of t h e  ephemeris data.  

3. If  the  magnitude of  the  input pos i t ion  vector i s  g rea te r  than 
40 e.r. when t h e  ea r th  i s  t h e  primary body or 10 e.r. when t h e  moon 
i s  t h e  primary body and t h e  conic defined by t h e  input state vector i s  
such t h a t  t h e  radius of per iaps is  i s  grea ter  than 40 e.r. when the  
ea r th  i s  the  primary body o r  10 e.r .  when t h e  moon i s  t h e  primary body. 

4. Any e r r o r  indica tor  from subroutine RBETA. 

Subroutine RBETA 

Function.- RBETA determines t h e  universal  var iable  necessary t o  
obtain a state vector a t  a desired r a d i a l  magnitude, given an i n i t i a l  
s t a t e .  

Nomenclature. - 

Symbol 

0 
R 

. 
0 

R 

r 
0 

V 
0 

Q 

B 

E 

H 

ERROR 

1-I 

r 

a 

e 

I 

Defini t ion 

i n i t i a l  pos i t ion  s t a t e  vector 

i n i t i a l  ve loc i ty  s t a t e  vector 

magnitude of i n i t i a l  pos i t ion  vector 

magnitude of i n i t i a l  ve loc i ty  vector 

d i rec t ion  indica tor  

univers a1 variable  

e l l i p t i c  eccentr ic  anomaly 

hyperbolic eccentr ic  anomaly 

indica tor  of e r r o r  r e tu rn  

gravi ty  constant of reference body 

des i r e d  radius  magnitude 

s e m i m a  j o r  axis 

eccen t r i c i ty  
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Method.- Subroutine RBETA i s  r e s t r i c t e d  t o  cases where t h e  desired 
If  an o r b i t  i s  radius magnitude is g rea te r  than t h e  i n i t i a l  magnitude, 

c i r c u l a r ,  the  subroutine gives a re tu rn  with t h e  e r r o r  ind ica to r  s e t  
.TRUE. s ince  any $ would su f f i ce  i f  t h e  desired distance i s  the  radius 
of t h e  c i r c l e ,  and no i3 exists  i f  the  desired radius i s  not the  c i r c u l a r  
radius.  I n  general ,  t h e  so lu t ion  f o r  a desired radius is  double-valued; 
therefore an indica tor  Q is  provided t o  s e l e c t  the  desired solut ion.  If 
Q = +L, t h e  so lu t ion  w i l l  be ahead of t h e  i n i t i a l  pos i t ion  with respect  t o  
t h e  d i rec t ion  of motion; i f  Q = -1, t h e  solu t ion  w i l l  be behind t h e  
i n i t i a l  pos i t  ion. 

0’ 
Determine the  dot product of R and 6 

0 

eccen t r i c i ty .  

D = R  O R .  
0 0 0 

‘1 

a r  lJ 
0 

D 2  

If l / a  < 0, the  o r b i t  i s  hyperbolic. 

cosh Ho = e (1 - >) - 

cosh H = e (I - a) 

semimajor a x i s ,  and 

0 

where the  s ign  i s  chosen t o  be t h e  s ign  of Do. 

e = ~  -Q,H. 

B = Q J ~ J  a. 
0 
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If l / a  > 0, the  o r b i t  i s  e l l i p t i c .  

cos E o e  = &(I. - >). 
cos E = .(l e - :) 

0 
- cos E 

cos E 
E = k tanw1 

0 

0 

where t h e  s ign  i s  chosen t o  be t h e  s ign of D . 
0 

1 - cos2E E = tan-1 ' cos E 

0 = E - &E. 
0 

B = Q  le1  C. 
If l / a  = 0, o r b i t  i s  parabolic.  

Remarks.- If any of t h e  radicands involving r i s  l e s s  than zero, 
t h e  dis tance r is impossible, and t h e  ca lcu la t ion  i s  suspended with 
e r r o r  indica tor  s e t  .TRUE. 

Subroutine RNTSIM 

Function.- This subroutine determines t h e  l a d i n g  conditions. 
conditions of d e l t a  t i m e  from reent ry  t o  landing and longitude of landing. 

Nomenclature. - 

Symbol 

xL 

Input (1) , 
output ( 0  ) 

0 

I 

Defini t ion 

computed longitude of landing 

longitude of landing 
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Symbol 

A A  

R 

-Ii 
r 

v 

t 

RR 

A t  

I 

I 

I 

0 +L 

L a 

G 
a 

Y 

e 

Defini t ion 

e r r o r  i n  longitude of landing 

pos i t ion  vector  at reent ry  

7relocity vector a t  reent ry  

magnitude of pos i t ion  vector  at reent ry  

magnitude of ve loci ty  vector  at  reentry 

t i m e  of reent ry  

reent ry  range, n. m i .  

time from reentry t o  landing 

l a t i t u d e  a t  landing 

r i g h t  ascension a t  landing 

greenwich r i g h t  ascension at t i m e  
of landing 

f l ight- path angle a t  reent ry  

c e n t r a l  angle between reent ry  and 
landing 

Method.- Given R ,  6,  and RR 

... P = -  ii - - - t a n y e  I K 
v cos y r 

s = -  cos e + P sin e .  
r 
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where S i s  t h e  pos i t ion  at landing. 

z S 
4, = tan- 1 

t 

a =  L tan-  1 
S 
2 s -  
X 

C a l l  RTASC a t  time t + A t  t o  ge t  a Then G' 

G 
h = a  - a  L 

Reduce A A  by any excess multiples of 2n. 
2 ~ ;  i f  the  result i s  

If t h e  r e s u l t  i s  > IT,  sub t rac t  
-IT, add 2n. Thus, f i n a l l y  -T i Ah < n. - 

To allow p a r t i a l  der ivat ives  t o  be obtained cor rec t ly  despi te  t h e  
d iscont inui t ies  inherent i n  t h i s  scheme, the  following procedure i s  
applied when computing t h e  t r a j e c t o r i e s  involved i n  p a r t i a l  d e r i v i t i e s  
calculat ions.  After each nominal t raJec tory  computation, t h e  value of 
Ah i s  retained.  During t h e  perturbed t r a j e c t o r y  computations, t h i s  
value,  ca l l ed  Aho, i s  compared with the  current  value of A x .  

( A h  - Ah ) <  -T, then Ah i s  replaced by Ah +   IT; i f  ( A x  - A h o ) > n ,  A X  i s  

replaced by AA - 2n .  

If 

0 

Subroutine RTASC 

Function.- Subroutine RTASC determines r i g h t  ascension of t h e  
The computation for t h e  r i g h t  ascension w i l l  be t h a t  Greenwich meridian. 

which i s  spec i f ied  i n  reference 7. 

Subroutine R V I O  

Function.- Transform a given set of coordinates i n  Cartesian or 

spher ica l  form t o  t h e  other  form. 
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Nomenclature. - 
Symbol 

R 

i 
r 

X 

Y 

z 

9 

Y 

Input (11, 
output (0) 

T and 0 

I and 0 

I and 0 

I and 0 

I and 0 

I and 0 

1 and 0 

1 and 0 

I and 0 

I and 0 

I and 0 

I and 0 

I and 0 

I and 0 

Defini t ion 

pos i t ion  vector 

ve loci ty  vector  

pos i t ion  magnitude 

veloci ty  magnitude 

x component of pos i t ion  vector 

y componc-t of pos i t ion  vector 

z component of pos i t ion  vector 

x component of pos i t ion  vector 

y component of pos i t ion  vector 

i component of pos i t ion  vector 

l a t i t u d e  

r i g h t  ascension angle 

f l ight- path angle 

azimuth angle 

. 
0 

Method. - 
Spherical t o  Cartesian Transformation 

x = r cos Cp cos 9 

y = r cos Ip s i n  9 

z = r s i n  Ip 
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cos (p cos e - s i n  e - s i n  Q cos 1 i s i n  Y ] 
cos (p s i n  8 cos 8 - s i n  (p s i n  8 v cos y s i n  I) 

s i n  (p 0 cos $I v cos y cos I) 

Cartesian t o  Spherical Transformation 

8 = tan' 1 x  
X 

Subroutine TLIBRN 

Function.- Subroutine TLIBRN simulates the  t rans lunar  in j ec t ion  
th rus t ing  maneuver by use of a precomputed polynomial. 

Remarks.- ?"ne method of t h i s  subroutine i s  contained i n  reference 5 
and 6. 

Subroutine TLMC 

Function.- Subroutine TLMC determines the  f i rs t  guesses f o r  d e l t a  
azimuth, d e l t a  ve loc i ty ,  and d e l t a  f l ight- path angle for  a t rans lunar  
s t a t e  at abort  o r  midcourse. 

i 
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Nomenclature. - 
Symbol 

S 

t 

Input (11, 
output (0) 

I and 0 

Defini t ion 

s tate  vector  

t i m e  of s ta te  vector  S I 

I nominal t i m e  of node t 
P 

I x component of pos i t ion  vector X 

I y component of pos i t ion  vector Y 

Z 1 z component of pos i t ion  vector 

I desired radius a t  t h e  pericynthion r 

A longitude of pericynthion i n  ear th-  
moon plane system 

veloci ty  magnitude pericynthion 

f l ight- path angle a t  pericynthion 

I l a t i t u d e  of  pericynthion i n  
earth-moon plane system 

azimuth of pericynthion i n  earth-moon 
system 

J, 

I A t  amount of change i n  t ( f o r  nonfree- return) n 

tn 

ERROR 

adjusted t i m e  of node 

0 

0 

f l a g  indica t ing  an e r r o r  i n  TLMC 

AV change i n  s c a l a r  ve loci ty  for  
MCC 

AY 0 change i n  f l i g h t  path angle for  
MCC 

0 change i n  azimuth f o r  MCC 



35 

i 

Method.- Compute t h e  adjusted time of node: t = t + A t .  The 
n P  

earth-moon plane (EMP) matrix i s  obtained once f o r  a l l ,  by subroutine 
LIBMT a t  t h e  t i m e  tn f o r  use i n  transforming t h e  EMP coordinates a t  the  

node t o  the  selenocentr ic  system. 

The next s t e p  sets t h e  dependent var iab le  l i m i t s ,  weights, and weight 
cuts .  Three dependent var iables  , x, y ,  z ,  are defined as the  components 
of the  pos i t ion  vector at  abort  or  midcourse. They are designated Class 1 
variables .  The minimum and maximum required values of the  pos i t ion  com- 
ponents a r e  found by adding and subt rac t ing  a s m a l l  to lerance (10’’ e.r.  ) 
t o  t h e  abort  pos i t ion  components. 

Having described t h e  dependent var iab les ,  t h e  independent var iab les  
are s e t  up and given a first guess. 
t h e  EMP longitude of pericynthion. 
(3.1 - 0.025 A t )  radians.  
moon i n  the  v i c i n i t y  of t h e  earth-moon l i n e .  
is  t h e  ve loc i ty  at  t h e  pericynthion, and t h e  f i rs t  guess i s d . 1 8 4  + 0.553/r 
- 0.0022 A t  e . r . /h r .  

The f irst  independent var iab le  i s  
The f i rs t  guess f o r  t h e  longitude is 

This guess places t h e  pericynthion behind t h e  
The second inde endent var iab le  

The t h i r d  independent var iab le  i s  t h e  azimuth a t  t h e  
pericynthion, and t h e  first guess i s  - - IT t o  obtain a retrograde lunar  

2 
approach hyper bola. 

By forcing t h e  pericynthion t o  l i e  at  t h e  required EMP l a t i t u d e  and 
t o  have the  required height and f l ight- path angle , t h e  above independent 
variables determine t h e  state at pericynthion i n  t h e  EMP. 
i s  propagated backward t o  the i n i t i a l  t i m e ,  t .  The generalized i t e r a t o r  
then finds the  s e t  of independent var iables  necessary t o  obtain the  dependent 
var iables  at  abort  ; t h a t  i s  , the  abort  pos i t ion  components. 
t h e  differences between the  azimuth, f l ight- path angle , and ve loc i ty  
before abor t ,  and the values after abort  necessary t o  obtain the  above 
node conditions a r e  determined. These values become first  guesses f o r  
t h e  MCC maneuver. 

This t r a j ec to ry  

Once converged, 

Subroutine XBETA 

Function.- Determines t h e  state vector r e l a t i v e  t o  t h e  i n i t i a l  
state f u r  a desired value of the  universal  var iab le .  
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Nomenclature. - 
Symbols 

B 

K 

Defini t ion 

I universal  var iable  

I c e n t r a l  body indica tor  

functions of t h e  universa l  var iable  Fi 

1.I 

0 
R 

0 
R 

gravi ty  constant 

I i n i t i a l  pos i t ion  vector 

I i n i t i a l  ve loci ty  vector  

r I magnitude of i n i t i a l  pos i t ion  vectolr 0 

v I magnitude of i n i t i a l  ve loci ty  vector 
0 

R 

5 
t 

I i n i t i a l  t i m e  

0 f ixed pos i t ion  vector 

0 f ixed veloci ty vector  

0 f i n a l  t i m e  

Method.- From t h e  i n i t i a l  s tate  vector ,  t he  f i n a l  s tate  i s  
determined as a function of B. 

D = R  - 6  
0 0 0 

J 
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C a l l  subroutine FCOm and determine t h e  functions of t h e  universal 
var iable .  

tf = t + t .  
0 

r =r$+ BF2)k3 + roF4 . 

g = t - e 3 F 1  1-1 

= 1 - 8’ F2/r . 
. 

R = f Ro + g Ro. 

d 

i 



36 

Variable 

V 

x 
P C  

P C  

c3 

ATEPO 

6 

"MCC 

"MCC 

"MCC 

yLoI  

' h t  pass LLS 

Tin lunar orbit 

'~TEI 

"TEI 
L I  

TABLE I. - INDEPENDENT VARIABLES FOR 
THE TRASECTORY COMPUTERS 

Reference 
frame 

Analytic 
MC c 

1st guess 
t r a j ec to ry  t r a j ec to ry  

computer computer 

J 

J 

J 

i 
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Variable 

X mcpt 

Ymcpt 

2 mcpt 

 MASS^^^ 

 at^^ Coast 

H 
aP 

H 
P C  

I 
PC 

TABLE 11.- DEPENDENT VARIABLES FOR 

THE TRAJECTORY COMPUTERS 

Reference 
frame 

GC or SC 

GC o r  SC 

GC o r  SC 

EMP 

EMP 

EEP 

EMP 

EMP 

Analytic 
MCC 

1st guess 

U s  e 
Analytic 

t ra  j ectory 
computer 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

:nt egr at  ing 
t ra jec tory  
computer 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 
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Analytic Analytic 
t r a j ec to ry  MCC frame 

I Coast 

I n t  egrat  in4 
t r a j ec to r j  

c 

TABLE 11.- DEPENDENT VARIABLES FOR 

THE TRAJECTORY COMPUTERS - Concluded 
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TABLE 111.- BASIC MODULES USED I N  TRAJECTORY COMPUTERS 

MCC first guess 
tr a j ec t ory c omput er 

~ 

EPHM ( ephemeris ) 

RVIO (Cartesian t o  
spher ica l ,  e t c . )  

PATCH (both ways) 

EBETA 

RBETA 

XBETA (BETA series sum- 
mation) 

EPHM 

CTBODY (BETA series 
summat ion)  

LIBRAT 

FCOMP 

TLI/MCC ana ly t ic  
' ra jec tory  computer 

DGAMMA 

XBETA (BETA 
series sum- 
mation) 

BURN-impuls ive  

PATCH (both ways) 

EBETA 

XBETA (BETA 
series sum- 
m a t  ion)  

RBETA 

EPHM (ephemeris 

CTBODY 

LIBRAT 

EPHM 

TLIBRN (cal-  
ib ra t ed )  

ELEMT ( o r b i t a l )  

CTBODY (BETA 
series sum- 
m a t  ion ) 

EBETA 

RTASC 

RVIO (Cartesian 
t o  spherical ,  
e t c .  ) 

FCOMP 

TLI~MCC 
in tegra ted  t r a j e c t o r y  

In tegra tor  

Forcing funct ion 

Runge Kutta 

Predictor- corrector 

Editor 

EPHM 

BETA s e r i e s  summation 

RTASC 

TLIBRN 

LIBRAT 

ELEMT ( o r b i t a l )  

RVIO (Cartesian t o  spher- 
i c a l ,  e t c . )  
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G EN ER AL I Z ED 
ITERATOR RTCC 
APPLICATIONS 

;I PARKIN( 
" I \ - .  . 7- 

T RAN S LUNAR 
INJECT ION 

rRANSLUNAR 
COAST 

I 

A M I DCO U R S E 
CORRECTION 

Flow chart 1 .- Real time applications of the generalized iterator. 

i 
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PERFORM COORDINATE TRANSFORMATION 

PC 
EMP EMP 

- - f(IRlpc' Bpcf XPC' VPC? Y,,' qpc) 

n ENTER 

t 

I (S't)patch point = f(Spc' tpc) I 

Page 1 of 2 
Flow chart 2. - Translunar midcourse f irst guess trajectory computer, 
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'mcc' mcc 

r 

I CALL TWO BODY 1 

I 

I CALCULATE DEPENDENT VARIABLES~ 

23 RETURN 

Page 2 of 2 

Flow chart 2 .- Translunar midcourse f irst guess trajectory computer - Concluded. 



ENTER G) 
t 1 

SET MASS BEFORE MCCi 
Mbefore MCC = CURRENT 1 , 

THIS A MASS OF SPACECRAFT 
SET I sp  OF SPS 

C - .  YES 

t 
SET MASS 
IN EPO AND 
I OF S-IVB 

MASS AFTER TL I  IS AN OUTPUT 

I CALL BURN WITH a$, AY, 
TO OBTAIN STATE 1 Av)MC 

AFTER MCC, and Mf/Mo 
E, t, M I  AFTER MCC 

EARTH REF* = f [R, t, MI] BEFORE MCC MOON REF. 

I 4 

Mf=  Mo (MdMo) 

SET MASS BEFORE LO1 

CALL EBETA AND XBETA TO PROPAGATE 
TO PERICYNTHION STATE. XBETA CALL 
FCOMP FOR EVALUATION OF FUNCTIONS 

t 
CALCULATE DEPENDENT 
VARIABLES (h, #, i)pc 

,<low chart 3 .- Functional flow of analytical trajectory computer for conic mission. 

j 



46 

Q 

CALL PATCH TO OBTAIN FREE RETURN: PROPAGATE STATE AT PERICYNTHION 
TO GEOCENTRIC STATE AT THE MOON'S SPHERE OF ACTION 

c 
J. 
J. 

CALL EBETA AND XBETA TO PROPAGATE THE GEOCENTRIC STATE AFTER PATCH 
TO THE STATE AT PERIGEE. XBETA CALLS FCOMP TO EVALUATE 5 FUNCTIONS 

CALL DGAMMA WITH Y AT REENTRY TO OBTAIN CONIC /3 
FROM PERIGEE TO REENTRY 

CALL XBETA WITH STATE AT PERIGEE AND 5 TO OBTAIN STATE 
AT REENTRY. XBETA CALLS FCOMP TO EVALUATE5 FUNCTIONS 

I I 
CALCULATE: 
FREE RET URN REENTRY ALTITUDE 

hr = R r  - R e  
FREE RETURN INCLINATION 

i =  TAN-^ ( d w / h s  
t 

i 
I S  

YES LO1 AT 

PERICYNTHION INTO 
STATE BEFORE LO1 

CALL DGAMMA WITH T A T  LO1 TO 
OBTAIN CONIC BFROM PERICYNTHION I 

I TOLOI 

R-R AND l /a 

1 
I I 

CALL XBETA WITH BAND PERICYNTHION 
STATETOOBTAINTHE STATEBEFORELOI 
ENTER FCOMP TO EVALUATE B FUNCTIONS 

Page 2 of 6 

Flowchart 3.- Funtlonal flow of analytical trajectory computer for conic mlssion - Continued. 
i 
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t 
C ALC U L AT E: 

A) ALTITUDE AT START LO1 $01 = RV-RLLs  
B) CALL LIBRAT: WITH K = 4, OBTAIN THE 

STATE IN THE EMP REFERENCE I C) COMPUTE THE ANGULAR MOMENTUM VECTOR - .. 
I IN THE REFERENCE . 0 

hx = Y LZL -ZLYL 

hy = ZL?, -XL iL  

hZ = XLqL -YLBL 

D) OBTAIN LATITUDE AND LONGITUDE OF THE 
STATE BEFORE LO1 IN EMP REFERENCE 

+LoI = TAN-1 (zJ4-J 
x =  TAN-^ (YL/x~) 

CALCULATE A v TO 

PARKING ORBIT 
BRAKE INTO LUNAR - v  

A V -  

= 0 FOR CIRCULAR 

Page 3 of 6 

Flow chart 3 - Functional flow of analytical trajectory computer for conic mission - Continued. 



I 
A) LO1 MASS RATIO: WHERE Mo IS MASS BEFORE 

(mF / mo) MSC = Mbefore LO1 

Cl  ALTITUDE AT START OF LPOr hLO = Ro - RLLS 

A) SCALE TO ACTUAL VELOCITY AND POSITION 
VECTORS SPECIFIED PARKING ORBIT VALUES 
STATE AT START OF LPO IS OBTAINED BY 
SCALING STATE AFTER LO1 

B) TIME OF SIMULATED L M  LUNAR LANDING: 

T~~ = T~~~~~~~~~~~ AFTER LOI+'~FIRST PASS 
OVER LLS  

I 

d. 
I 

I I 
CALL CTBODY (REGRESSED) WITH STATE AT START OF 
LPO AND TIME OF LUNAR LANDING TO OBTAIN CSM STATE 
AT LANDING. ENTER FCOMP TO EVALUATE 6 FUNCTIONS. 

I I I 

CALL LJBRAT, WITH K = 5, AND USE THE PNL 
MATRIX TO ROTATE THE CSM POSITION VECTOR AT  
FIRST PASS OVER THE LUNAR LANDING SITE FROM 
SELENOCENTRIC INTO THE SELENOGRAPHIC, Rs, 

THE SELENOGRAPHIC LATITIJOE AND LONGITUDE 
OF THE CSM AT L M  LANDING TIME- 

CALL RVlO WITH RS AND Vs TO 

OBTAIN q S  

I 
I 

I CALL ELEMT COMPUTE PERIOD I 

CALL LOPCCOMPUTE STATEVECTORAFTER 
LOPC, AND OBTAIN A@ OF LOPC 

Page 4 of 6 

Flow chart 3 - Functional flow of analytical trajectory computer for conic mission - Continued, 
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CALCULATE THE CHARACTERISTIC AVLopc 

USING THE FOLLOWING EQUATION 

AVR = 2 u (31 24975000037 @$I2 + 2,0000053333202 X lo-’) 

CALCULATE Mf/Mo = e -- 
go ‘sp I 

1 
I 

CALCULATEMASSAFTERCSM2ANDLM 
RENDEZVOUS 

M = (M - MLMI (Mf/Mo)cSM 
5 s c  2 

WHERE 

MSC = MASS OF SC BEFORE LM SEPARATION 

MLM = MASS OF LM 

1 
CALL CTBODY (REGRESSED) PROPAGATE TO STATE 
BEFORE TEI ENTER FCOMP TO EVALUATE FUNCTIONS. 

t~~~ = t~~~ + A t ~ ~ o  
MASS BEFORE TEI = Mafter CSM 

2 

t 

tLO 

CALL CTBODYPROPAGATE 

TO tTEl = - 

I CALL BURN WITH vlv, A$, AyITEI 

TO COMPUTE STATE 

I AFTER TEI 
MASS AFTER TEI = Mhefore TEI (mf/mo)TEl I 

Page 5 of 6 

Flow chart 3 - Functional flow of analytical trajectory computer for conic mission - Continued 



CALL PATCH WITH STATE AFTER 
TEl TO OBTAIN STATE AFTER TE- i PATCH 

! 

CALL EBETA AND XBETA TO 
OBTAIN PERIGEE STATE VECTOR t 
XBETA CALLS FCOMP TO EVALUATE 
B FUNCTIONS [IF TREENTRY < TPATCH I 

I 

COMPUTE: 
INCLINATION OF RETURN 

TO DETERMINE THE ERROR IN A AT LANDING 

I CALCULATE: 
TOTAL MISSION TIME I E RETURN 

Page 6 of 6 

Flow chart 3 ,  - Functional flow of analytical trajectory computer for conic mission - Concluded 



ENTER 0 ( 1s THIS A )YES -13 
MIDCOURSE 

CORRECTION 
\ f 

NO 

I CALL BETA-TIME INTEGRATOR I 

i 
CALL TLIBRN - 7 I 

Page 1 o f  5 

Flow chart 4 .- Integrating trajectory computer. 
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* (Aq,Ay,Av Imcc ; 1 C A L L  BURN 

start mcc 
( R E F  ER EN C E BO DY I N D I CAT 0 R I 

(S, t, MASS& mcc 

i 

Page 2 of 5 

Flow chart 4.- Integrating trajectory computer - Continued. 
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PROPAGAT E TO P ERlCYN THIO N 

I CALL EBETA A I D  X B E T r i  
PROPAGATE TO PERICYNTI-IION 

I 
CALCULATE C#'fX, h, t> PC 

Page 3 of 5 
F low chart 4. - Integrating trajectory cotngtiter - Continued. 

. 
Change 1, August 2 8 ,  1968 
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IS THIS A 
TIME STOP 

c 

I CALL BETA-TIME INTEGRATOR 
PROPAGATE TO PERICYNTHION 

[(Srt)end TLI] 

[(Sft)end mcc 3 (S,tIpc = 

I 1 
I 

I 

CALL BETA-TIME INTEGRATOR 
PROPAGATE TO; tnd 

I ESrt)end mcc 3 

I 'approach I hyp ] 

0 RETURN 

Page 3 of 5 

Flow chart 4.- Integrating trajectory computer - Continued. 
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At end mcc to pc 

C A L C U L A T E  DEPENDENT VARIABLES 

('J', i)pc ; Atend TLI to pc Or 

C A L L  B E T A- T I M E  INTEGRATOR 
PROPAGATE TO 7 A T  R E E N T R Y  

[ pcJ Yrnty 1 = f (S, t) (' J * rnty 

Page 4 of 5 

Flow chart 4 e - Integrating trajectory computer - Continued. 

3 
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ALCULATE DEPENDENT VARIABLES 

1 RETURN 

1 

‘ 5 ,  

Page 5 of 5 
Flow chart 4 .  - Integrating trajectory computer - Continued. 
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